Nitric oxide (NO) is important for intracellular signaling and neurotransmission. Nitric oxide synthase (NOS) is involved in central nervous system (CNS) disorders through excess generation of NO. In this study, we examined the expression of both constitutive and inducible nitric oxide synthase (NOS) in Listeria monocytogenes-infected brains of cattle by immunohistochemistry.
Nitric oxide (NO) is a readily diffusible, apolar gas, synthesized from L-arginine by nitric oxide synthase (NOS) (Murphy et al. 1993) . The enzyme responsible for NO formation exists in three forms: two constitutive forms, neuronal NOS (nNOS) and endothelial NOS (eNOS), and inducible NOS (iNOS). In the brain, the constitutive NOSs are most important in the initial generation of NO in the central nervous system (CNS). NO is important for intracellular signaling and neurotransmission (Moncada et al. 1991; Bredt and Snyder 1992) . Besides its expected physiological role, NO is likely involved in CNS disorders, including experimental autoimmune encephalomyelitis (Van Dam et al. 1995; Cross et al. 1997) , bacterial meningoencephalitis (Jungi et al. 1997) , and viral encephalitis (Hooper et al. 1995; Van Dam et al. 1995; Iwahashi et al. 1999) .
Listeriosis is a complementary model of an intracytoplasmic organelle infection in the central nervous system (CNS) of animals (Johnson et al. 1995) and humans (Cooper and Walker 1998) . Animals affected by listeriosis show circling behavior followed, in most cases, by death (O t t e r and Blackmore 1989; Dramsi et al. 1998) . Lesions in the brain may or may not contain L. monocytogenes antigens, but characteristically consist of inflammatory cells, including neutrophils, macrophages, and some lymphocytes, suggesting that acute and chronic inflammatory cells play an important role in the brain tissue injury (Krueger et al. 1995; Jungi et al. 1997) . These cell types are also associated with the secretion of pro-inflammatory cytokines and the generation of toxic free radicals, including nitric oxide (Greenberg et al. 1998) .
Although a significant increase of iNOS is observed in macrophages in the brains of cattle and goats with natural listeriosis (Jungi et al. 1997) , constitutive nNOS, which is one of the toxic mediators of ischemic brain injury, has not been well elucidated in bacterial meningoencephalitis. Therefore, the aim of this study was to examine the expression of both iNOS and nNOS in the brain in naturally occurring listeriosis. This study suggests that both nNOS and iNOS are constitutively expressed in brain cells, including neurons and some neuroglial cells, and that their expression increases in the brains of cattle with natural listeriosis in response to exogenous injury, such as bacterial infection. Therefore, nitric oxide produced by either nNOS or iNOS in neutrophils and macrophages may play an important role in eliminating L. monocytogenes and in the histopathology of brain tissue.
Materials and Methods

Selection of cases
Eight cattle of both sexes with natural listeriosis (1-to-5-year-old) and three controls (3-to-5-year-old) were studied. All the brains with natural listeriosis used in this study were from animals submitted for necropsy to the Pennsylvania Animal Diagnostic Laboratory System (PADLS) in Harrisburg, Pennsylvania. Animals with neurological paralysis, which had either been euthanized or found dead, were delivered to the necropsy laboratory. Three bovine brains were used as controls. The control animals had enteritis and no inflammation in the brain as determined by history, clinical signs, and by histological examination.
Histopathological examination
Specimens, including brainstem, cerebellum, and cerebrum, were routinely fixed in 10% buffered formalin, embedded in paraffin, sectioned at 4 microns, and stained with hematoxylin and eosin by routine histopathologic techniques. Brainstem sections of paraffin-embedded tissues from animals with characteristic histopathologic lesions of suppurative encephalitis were stored in the laboratory. In all the selected midbrains, L. monocytogenes was confirmed by immunohistochemistry using the antisera described below and used for the NOS immunohistochemistry. An ultrastructural study was excluded from this study because fresh tissues were not available and because immunohistochemical examination was sufficient to study NOS expression.
Antisera and reagents
The antisera used in this study were rabbit polyclonal antiserum against L. monocytogenes (Listeria O antiserum poly, serotypes 1 and 4, Difco, Detroit, MI), rabbit anti-glial fibrillary acidic protein (GFAP) (Sigma, St. Louis, MO), rabbit anti-iNOS (Sigma), rabbit anti-nNOS (Sigma), and rabbit anti-nitrotyrosine (Upstate Biotechnology Inc., Lake Placid, NY). Immunoperoxidase staining was done using the labeled [strept]avidin-biotin (LAB-SA) procedure (Zymed Laboratories, San Francisco, CA). Peroxidase-labeled isolectin B4 (Sigma) was used to detect macrophages.
Immunohistochemistry
Serial sections of midbrain, cerebrum, and cerebellum were deparaffinized and blocked with 3% hydrogen peroxide in distilled water for 10 min. After washing with phosphate buffer, sections were blocked with normal goat serum for 10 min. After blotting, the primary antisera were reacted for 60 min, followed by biotinylated antisera (Zymed) for 15 min and [strept]avidin-biotin peroxidase (Zymed) for 15 min. The staining was done using a LAB-SA Kit (Zymed) according to the manufacturer's instructions. The dilutions of primary antisera used in this study were as follows: anti-L. monocytogenes 1:1000, anti-GFAP 1:1000, anti-iNOS 1:100, anti-nNOS 1:100, and anti-nitrotyrosine 1:1000. To examine the specificity of each antiserum against either iNOS or nNOS, rabbit iNOS antiserum was reacted with nNOS peptide (Santa Cruz), or vice versa. For the negative control, primary antiserum was omitted or was replaced with normal rabbit serum (Zymed). For the detection of macrophages, peroxidase labeled isolectin B4 (1:10) was replaced with primary antiserum. Color development of peroxidase in NOS staining and lectin histochemistry was done using a diaminobenzidine substrate kit (Vector), while Listeria antigens were detected by AEC (Zymed). All incubations were at 36 °C using a Microprobe Staining System (Fisher Biotech, Fisher Scientific, St. Louis, MO). After finishing the immunoreaction, sections were counterstained with hematoxylin and mounted with Clearmount (Zymed).
Results
Histopathology of bovine brains with natural listeriosis
Formalin-fixed brain tissues from animals with listeriosis showed typical suppurative meningoencephalitis in the midbrain (Plate VI, Fig. 1) , occasionally in the cerebellum, and rarely in the cerebrum. The lesions consisted of microabscesses consisting of neutrophils, and perivascular cuffing of lymphocytes and macrophages. In some cases, axons near the inflammatory lesions were vesiculated. Inflammatory cells with pyknotic nuclei were commonly found within microabscesses. L. monocytogenes antigen was commonly found in microabscesses (Plate VI, Fig. 2 ) and the perivascular cuffs. Occasionally single, positivestaining bacteria were found in the neuronal processes.
Enhanced expression of nNOS and iNOS in L. monocytogenes-infected brain
In control brains without encephalitis, nNOS was recognized in some neurons (Plate VII, Fig. 3, A) , ependymal cells, and a few neuroglial cells. In brains with listeriosis, nNOS immunoreactivity was recognized in some neutrophils and macrophages in microabscesses, in areas of perivascular cuffing (Fig. 3, C and D) , and in some GFAP-positive astrocytes distant from perivascular cuffs (Fig. 3 , E and F). Astrocytes were identified by GFAP labeling and macrophages were identified in adjacent sections by isolectin B4 labeling. Immunostaining in the inflammatory cells was more intense in a severe case than in a mild case. This suggests that nNOS is an enzyme that generates nitric oxide in encephalitis due to L. monocytogenes.
The immunoreactivity of iNOS in control brains was seen in occasional neurons (Plate VII, Fig. 4, A) , some neuroglial cells, and choroid plexus cells. iNOS immunostaining was present in macrophages (Fig. 4, C and D) and some astrocytes in the brain stem of affected animals (Fig. 4 , E and F), but with less intensity than nNOS. The iNOS-immunoreactivity in inflammatory cells was somewhat similar to that of nNOS, in that iNOS was recognized mainly in activated macrophages in areas of perivascular cuffing and in microabscesses. However, iNOS-immunoreactivity was not observed in neutrophils in either perivascular cuffs or in microabscesses. These observations indicate that the staining patterns of the two molecules differ with the cell type involved.
To determine the capacity for nitric oxide generation, immunostaining of nitrotyrosine was carried out. In a few lesions, both iNOS-and nNOS-positive cells (mainly macrophages) were also positive for nitrotyrosine, an end-product of NOS (data not shown).
Discussion
The involvement of iNOS in bovine listeriosis was reported previously; increased expression of iNOS and resultant NO generation were confirmed in brains with listeriosis and in cultured macrophages from the Listeria-affected cattle (Jungi et al. 1997 ). These findings suggest that increased expression of iNOS in macrophages is associated with antibacterial effects and injury of the affected brain. Although our findings were consistent with those previously reported as a regards iNOS expression in macrophages, iNOS immunostaining was also recognized in neurons and astrocytes in the brains of cows with listeriosis, similar to the iNOS immunostaining seen in cultured stimulated neurons (Heneka et al. 1998 ). In addition, multiple factors may have produced this minor discrepancy, including the different (1) detection system (Zymed Histoplus immunostaining kit) and (2) source of primary antisera (rabbit anti-inducible NOS from Sigma) used in this study. The previous study used the ABC staining system (Immunodiffusion, Geneva, Switzerland) and rabbit polyclonal anti-mouse iNOS antisera (Upstate Biotechnology Inc., Lake Placid, NY).
nNOS is an inflammatory mediator in arthritis (Wu et al. 1999) , as well as a neurotransmitter. The important finding in this study was that nNOS is not only expressed in some neurons, but also in hematogenous macrophages and neuroglial cells including astrocytes. This finding is further supported by the detection of nNOS mRNA in hematogenous cells, including macrophages, T cells (Reiling et al. 1994) , and neutrophils in vitro (Greenberg et al. 1998 ). These results suggest that constitutive nNOS from brain cells becomes a source of NO in pathologic brain tissues, although not all NOS isozymes are associated with the generation of nitric oxide. However, we confirmed that some cells, including macrophages, expressed both iNOS and nNOS, and these cells were also positive for nitrotyrosine. This suggests that iNOS or nNOS are involved in the generation of nitric oxide, although it is unclear which isoform of NOS is directly associated with nitrotyrosine formation in Listeria encephalitis.
The functional roles of iNOS and nNOS in generating nitric oxide remain to be studied in CNS inflammation. Although many researchers have studied the detrimental effects of nNOS in CNS trauma (Sharma et al. 1996) and hypoxic injury (Black et al. 1995) , nNOS is also very important for host recovery against viral infection in mice (Komatsu et al. 1999 ) and peripheral nerve regeneration (Gonzalez-Hernandez and Rustioni 1999). In addition, NO produced by iNOS may be either beneficial by promoting the differentiation and survival of neurons (Munoz-Fernandez and Fresno 1998), or detrimental by inducing neuronal cell death (Zhou et al. 1999) . Taking all into consideration, we postulate that NO has a dual effect, beneficial or harmful, on host cells, depending on the stimulation conditions (Willenborg et al. 1999) .
In summary, these results suggest that both nNOS and iNOS are constitutively expressed in brain cells, including neurons and some neuroglial cells, and that in the brains of cattle with natural listeriosis their expression increases in response to exogenous injury, such as bacterial infection. In acute, natural bovine listeriosis, nitric oxide produced by either nNOS or iNOS in neutrophils and macrophages may play an important role in eliminating L. monocytogenes and in the histopathology of brain tissue. Since natural listeriosis causes sudden death in cattle, the functional role of nitric oxide, via either iNOS or nNOS, needs further study.
